(JC), Zerilli-Armstrong (ZA) and Arrhenius models and it is observed that specifically in DSA region, the modified extended RK model gives highly accurate predictions.
Introduction
Austenitic Stainless Steel (ASS) 304 offers superior elevated temperature mechanical properties and compatibility with liquid sodium and corrosion resistance [1] . With these properties ASS 304 has found extensive use as a material for nuclear fuel clad tubes and fuel sub-assembly wrappers in fast breeder reactors. Since the working environment at the vicinity of nuclear clad tubes is exposed to high temperatures it is essential to understand the behavior of this material at elevated temperatures, especially the flow stress behavior. Flow stress of any material depends on variety of parameters, the important ones being the strain, strain rate and temperature. Several efforts have been made toward understanding the complex nature of materials and correlate the flow stress with the process parameters through the constitutive and empirical formulations. Finite Element (FE) simulations are gaining importance in simulating material behavior due to their inherent benefits. However, simulation of a material's behavior under various loading conditions requires mathematical representation of their deformation behavior, which are known as constitutive equations [2] . Accurate predictions by the constitutive relations improve the numerical simulation results by FE method. The mathematical representation of the flow stress of materials using the material constants can be utilized in the FE code for simulating the material's response under the specific loading conditions.
The phenomenological constitutive models predict the flow stress of a material based on some empirical observations and they are mainly some mathematical functions. Physically based constitutive models account for the physical aspects of material behavior. These models are developed considering the thermally activated dislocation movement, theory of thermodynamics, and kinetics of slips [2] . Phenomenological constitutive models lack physical background and just fit experimental observations. The notable feature of these models is that they have less number of material constants which are easier to evaluate. As compared to the phenomenological models, physically based constitutive models give a more accurate definition of material behavior under wide ranges of loading conditions by some physical assumptions and a larger number of material constants. Few of the phenomenological models developed are Johnson-Cook (JC) model [3] , Khan-Huang-Liang (KHL) model [4] [5] [6] and Arrhenius equation [7] . Some physically based models developed are Zerilli-Armstrong (ZA) model [8] , Rusinek-Klepaczko (RK) model [9] and Bonder-Partom (BP) model [10] .
The JC model and Arrhenius model are phenomenological flow stress models and dependent on the deformation temperature, strain rate and strain. Due to their simplicity and less number of material constants, they have been widely applied to various materials for different temperatures and strain rates. Modifications in the original JC and Arrhenius models have been incorporated to predict the deformation behavior of the material with different strain rate sensitivity [11, 12] . However, the drawback of these phenomenological constitutive models is that they lack the physical background and just fit experimental observations. Zerilli and Armstrong (ZA) model is a physically based model. This model's predictions have been accurate and reliable for many FCC and BCC materials over large temperature and strain rate ranges. Also, since it is a physically based model which considers the coupled effect of strain rate and temperature, this model is preferred over the JC model [8] .
It has been observed that ASS 304 shows an unusual phenomenon at elevated temperatures and low strain rates called as dynamic strain aging (DSA) or Portevin-Le Chatelier effect. This phenomenon is due to the fact that solute atoms diffuse into mobile dislocations which temporarily get arrested at obstacles. The rate of diffusion of solute atoms is faster than the speed of dislocations to catch and lock them. So, the load increases due to locked dislocations and it suddenly drops when dislocations are annihilated from solute atoms. This process repeats many times due to which the flow stress starts oscillating. Thus, due to the DSA phenomenon, there is unstable and jerky flow which is also a manifestation of negative strain rate sensitivity [13] .
Gupta et al. have developed the JC, ZA, Arrhenius and ANN models for ASS 304 in the DSA region [13] . The predictions of ANN model are most accurate and the predictions of other models developed are comparatively inaccurate. But, the drawback of the ANN model is that it cannot be incorporated into the Finite Element Method (FEM) software. Hence, there is a need to develop a model which will predict the flow stress with sufficient accuracy in the DSA region for ASS 304 and which can also be incorporated into the FEM software. For this purpose, the extended RK model is developed. RK model is a physically based model dependent on the deformation temperature, strain rate, plastic strain and the strain corresponding to the yield stress [9] . For predicting the material behavior in the DSA region, an extended RK model has also been proposed by Rusinek and Rodríguez-Martínez [14] , but the flow stress predictions of this model too were quite inaccurate for DSA region of ASS 304. Hence, in this paper, the modifications are done to improve the accuracy of the predictions of the extended RK model in DSA region.
In this work, experimental data have been collected by conducting isothermal uniaxial tensile tests at elevated temperatures and are used in calculating the material constants of the RK model in non-DSA and DSA regime. Modifications to the original model have been proposed to improve the accuracy of the predictions. The correctness of the model is evaluated on the basis of statistical measures like values of correlation coefficient, standard deviation and the average absolute error.
Materials and experimental details
The material used in this investigation is ASS 304 and its chemical composition is given in Table 1 . Flat tensile specimens of the dimensions as shown in Fig. 1 in accordance with sub-sized ASTM: E8/E8M-11 standards are used to conduct the experiments. The samples are machined from a raw sheet material by wire-cutting electro-discharge machining process. A computerized UTM (refer [13] ) with a maximum load capacity of 100 kN is used to conduct isothermal tensile tests. The machine is equipped with a control system to impose an exponential increase of actuator speed to obtain constant true strain rate and also a resistance heating three zone split furnace which is used to heat the test specimen up to 1000 • C. The pull rods of the UTM for the elevated temperature material testing are made of nickel based superalloy CM-247 which has a very small amount of coefficient of linear thermal expansion.
The experiments were conducted at different temperatures ranging from 323 to 923 K at an interval of 50 K and four different strain rates (0.0001 s −1 , 0.001 s −1 , 0.01 s −1 and 0.1 s −1 ). A computer control system which is attached to a high temperature extensometer was used to record the load versus extension data and these data were converted into true stress versus true plastic strain data. For the purpose of data analysis, the true plastic strain values are taken from 0.02 to 0.30 at an interval of 0.02.
Formulation of extended Rusinek-Klepaczko (RK) constitutive model
The formulation of the model is based on the additive decomposition of the flow stress [9] . The flow stress is addition of two components defining strain hardening ( ) and the thermal activation (*), as shown below
E(T)/E 0 defines the evaluation of Young's modulus with respect to temperature, mathematically represented as
where E 0 = 210 GPa is the Young's modulus at 0 K [15] , T m = 1673 K is melting point and * is homologous temperature, for ferritic steels * ≈ 0.5 [16] .
The strain hardening component, also called as the internal stress, is the function of strain, strain rate and temperature and is defined as
where B is modulus of plasticity and n is the strain hardening exponent which is a function of strain rate and temperature. ε 0 is the strain level which defines the yield stress at specific strain rate and temperature, and ε p is plastic strain in the material. Modulus of plasticity B and strain hardening exponent n are defined as
where
and B 0 is the material constant, ϑ is the temperature sensitivity, n 0 is the strain hardening exponent at T = 0 K, D 2 is the material constant, and ε min and ε max are the lower and upper limits of the model. In this case the limit is 10 −5 to 10 −7 s −1 . It is assumed that the material shows viscoplastic behavior in this range of the strain rate [16] . * is defined as the effective stress (thermal activation) and it is also a function of plastic strain rate and temperature as mentioned below
where * 0 is the effective stress at T = 0 K, D 1 is the material constant, and m* is the constant which defines the strain rate temperature dependency.
In the DSA regime, there are repeated segregation and detachment process which causes the flow stress to oscillate. In such cases, serrations are observed, i.e., wavy pattern like saw tooth in the stress-strain plot thus forming troughs and crests. This necessitates the need to take an average value between these troughs and crests near a particular strain value while extracting the data from the stress-strain graph, as shown in Fig. 2 .
To incorporate this DSA effect, Rusinek and Klepaczko proposed an extended RK model [14] . In extended RK model a new term to equivalent Huber-Misses stress is added to the existing RK model. The extended RK model relation is represented as
True plastic strain True plastic stress (GPa) The new term is denoted as ns and is mathematically given as below
Development of modified extended RK model for DSA region
The extended relation is successfully modeled for aluminum alloys. When the extended RK model is applied to ASS 304, the predictions are inaccurate with a very low correlation coefficient and a large error. It is observed that, in the DSA region for ASS 304, the stress is not only a function of strain rate and temperature but also a function of plastic strain. Fig. 3 relates plastic strain and ns , which suggests that ns is a function of plastic strain. As it can be seen from (8), ns is dependent on strain rate and temperature only and ns is a constant. Xiao and Guo had proposed an exponential strain function in the Arrhenius model [17] . A similar modification is done in this work. The constant 0ns is replaced with a strain dependent exponential function. Finally, the ns term is written as
Constant determination for RK model
Material constants are calculated by making a few assumptions. The first assumption is that at room temperature and quasi-static strain rate (0.0001 s −1 ) the contribution of the thermal activation is negligible, i.e., * ≈ 0. Hence, from (6)
This means that experimental flow stress at temperature, T = 323 K and ε = 0.0001 s −1 is equal to the internal stress component of the RK model .
After substituting (4) and (5) in (11), non-linear regression analysis is done on (11) and the material constants B 0 , ϑ, n 0 , and D 2 are determined. This non-linear regression is performed using the nlinfit function in MATLAB. The second assumption is that the difference in the flow stress for different strain rates at the same temperature is due to the thermal activation component (*). Non-linear regression is applied to obtain the constants m* and * 0 . * = (ε p , ε, T) (εp,0.0001,323) − (ε p , ε, T) (εp,0.01,323) (12) To perform the non-linear regression analysis using the nlinfit function, some initial values of the material constants have to be assumed. It is noted that the final predictions are sensitive to these initial assumptions made for the material constants. Therefore, these initial values for the material constants are optimized using Genetic Algorithm (GA) optimization technique. The GA is an optimization and search technique based on the principles of genetics and natural selection. GA allows a population composed of many individuals to evolve under specified selection rules to a state that maximizes the "fitness" function [18] . This optimization is performed using the GA toolbox in MATLAB. The final values of the constants are listed in Table 2 for the non-DSA region. Re-arranging Eq. (7), we have
Applying non-linear regression to Eq. (13), material constants, 0 , ˇ1, ˇ2, and D 3 are determined for each experiment. To find the value of these constants at any strain rate and temperature, a relationship has been found between these four constants and ε and T using (14), where A and B are constants.
Regression analysis is performed only with respect to temperature and the values of A and B for various strain rates for all four constants are shown in Table 3 .
The predictability of the constitutive equation is quantified by comparing standard statistical measures such as correlation coefficient (R), average absolute error () and standard deviation (s). Correlation coefficient is a commonly used statistical tool which provides information on the strength of linear relationship between the experimental and predicted values. It can be mathematically expressed as:
where exp is the experimental flow stress, p is the predicted flow stress, N is the total number of data points being considered, and exp and p are the average values of exp and p respectively. The average absolute error () between exp and p is given by,
Standard deviation shows how much variation or "dispersion" exists from the average. Although the value of R might be high, it is not necessary that the performance of the model is high, as the model might have a tendency to be biased toward higher values or lower values of the data. Hence, , which is computed through a term by term comparison of the relative error, is an unbiased statistics for measuring the predictability of the model [19, 20] .
Results and discussion
A total of 52 experiments were conducted as mentioned above. It is observed that for a temperature range of 723-923 K and strain rates of 0.0001 s −1 , 0.001 s −1 and 0.01 s −1 ASS 304 exhibited DSA phenomenon. In non-DSA region, i.e., for temperature range of 323-623 K all four strain rates are used for developing the model. However at 673 K the DSA phenomenon is observed for only strain rate of 0.0001 s −1 ; hence, for easier computation 673 K data have been omitted. Therefore, 420 data points for non-DSA region and 225 data points for DSA region are considered in this work.
Non-DSA region
The predictions of RK model are plotted against the experimental values for the non-DSA region, which gave a correlation coefficient of 0.9828 as shown in Fig. 4 . Also the average absolute error obtained is 3.92% with a standard deviation of 3.42%. These values are well within the acceptable range. The JC model, ZA model and Arrhenius model were formulated as per the procedure mentioned in Gupta et al. [13] . Based on these statistical measures, it can be said that the predictions of RK model are satisfactory for the complete strain rate and temperature range. Fig. 5 shows two sample graphs of predicted vs. experimental results for two temperatures, viz. 373 K and 573 K, for the non-DSA region. As compared to the phenomenological models, i.e., JC and Arrhenius models, the RK model gives slightly improved performance. This is evident from Table 4 which shows a comparison of statistical measures of RK model with the other models. However, the number of material constants involved in RK model is more as compared to the other models, which increases the computational time. These phenomenological models lack physical background and emphasizes on fitting the experimental data, whereas physical based models, i.e., Zerilli-Armstrong and RK model, consider the mechanics of deformation behavior. Therefore, based on these facts it can be said that the performance of RK model in the non-DSA region is as good as the other models.
DSA region
When the extended RK model is developed without the exponential strain dependency function for ASS 304 in the DSA region, the correlation coefficient obtained is 0.8193 with an average absolute error of 26.88% and a standard deviation of 12.84%. Considering the modifications suggested, i.e., replacing the constant ns with a strain dependent function in the ns term, correlation coefficient improved to 0.9633 and the error also reduced to 15.33% with a standard deviation of 7.75%. Fig. 6a and b shows the correlation coefficient obtained for the extended RK model without modification and with modification respectively. This 17.6% increase in the correlation factor with reduction of 42.9% in error and 39.6% reduction in standard deviation validates the modification suggested, hence confirming that ns is a function of plastic strain as well. Also, in the DSA region, due to the serrations in stress-strain curve, the procedure of taking the average data has improved the results. This is evident from Fig. 6c which shows an improvement in correlation coefficient from 0.9633 to 0.9701. This improvement in the result shows the necessity of taking the average data while extracting the data from the stress-strain curve in the DSA region. Fig. 7 shows two sample graphs that compares the predicted versus experimental data for two temperatures, viz. 773 K and 873 K in the DSA region.
The comparison of modified extended RK model other model is depicted in Table 5 . As discussed earlier in the section, physically based models are preferred over phenomenological models. But the predictions of ZA model are not accurate as the correlation coefficient is found out to be 0.8889. Modified extended RK model, on the other hand, gives an excellent correlation coefficient of 0.9701, the only concern being the number of material constants to be evaluated in this model. Based on these considerations and statistical parameters it is evident that the modified extended RK model is advantageous than the other models for ASS 304 in the DSA region.
Conclusion
In this work, flow stress behavior of ASS 304 is studied in non-DSA and DSA region. For this purpose the extended RK model is modified and the predictions of this model are compared with predictions of Johnson-Cook (JC), Zerilli-Armstrong (ZA) and Arrhenius models. In the DSA region, a strain dependent exponential function is added to the extended RK model to improve the accuracy of the predictions. Since the initial assumptions made to determine the material constants of the model affect the result, Genetic Algorithm optimization technique is used to determine the initial values of the material constants which optimize the results. As the correlation coefficient obtained for non-DSA and DSA region is 0.9828 and 0.9701 respectively, it can be concluded that a single model, i.e., modified extended RK model gives accurate results when compared to JC, ZA and Arrhenius models in predicting the flow stress for non-DSA as well as DSA region in ASS 304.
